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Abstract

We have a limited understanding of the proximate mechanisms that are
responsible for the development of variation in animal performance asidsitey
strategies. Many components ofam gani s més s u ciforesampleyjrhatel i f e h
competition, gestation, lactation, étequire a substantial increase in daily energy
expenditure. Mitochondrial behavior (positioning within the cell and communication
between mitochondria) and morpbgy affect variation in energy production at the
molecular, cellular, and organismal levels. Chapter 1 reviews the adaptations in
mitochondrial behavior and morphology that favor efficient energy production and
increased animal performance. Previous wak Imked greater proportions of irnter
mitochondrial junctions and density of the inner mitochondrial membrane, among other
traits, with increased energetic demand. Both endogenous and exogenous factors
contribute to organism survival and reproductione ecologically relevant factor that
influences the life history of aquatic organisms is ultraviolet (UV) radiation. Chapter 2
evaluates the i mpact of UV A/ B Tigropusdi ati on
californicuscopepods. After exposingpee pods t o UV A/ B irradiat:i
3 hr UV tr eatdpaeneaswsed the impact & expdsure on fecundity,
reproductive effort, and longevity. UV irradiation increased size of the first clutch among
all reproducing females in both the and 3 hr experimental gro
l ongevity among all females that mated in
effect on the number of clutches females produced. These findings indicate a potential
benefit of UV irradiation on reprodugi performance early in life, although the same
exposure came at a cost to longevity. Chapter 3 tests the hypothesis that mitochondria
change their behavior and morphology to meet energetic demands of responding to
changes in oxidative stress. Using traission electron microscopi/found that both
three and six hours of UW/B irradiation (0.5 W/r) increased the proportion of inter
mitochondrial junctions (with increasing mitochondrial aspect ratio) and density of the
inner mitochondrial membrane in ngydes ofT. californicuscopepods. Mitochondrial
density increased following both irradiation treatments, but mitochondrial size decreased

under the sishour treatment. Metabolic rate was maintained under three hours of



irradiation but decreased followirgix hours of exposure. These observations

demonstrate that the density of inner mitochondrial membrane and proportion-of inter
mitochondrial junctions can play formative roles in maintaining wiaolenal metabolic

rate, and ultimately organismal performanander exposure to an oxidative stressor.
Chapter 4 investigates the effect that increasing temperatures impose on copepod
respiration. This study used 32 studies spanning 78 years of research and 50 copepod
species (three orders) to quantify percenngean respiration rates per eorit change

in temperatureCopepod respiration rates increased by approximately 7% per °C increase
in water temperature across the orders Calanoida, Cyclopoida, and Harpacticoida. Neither
food availability nor scaling regption to copepod dry weight affected the rate of change
of respiration rateChapter 5 reviews how density and morphology of the inner
mitochondrial membrane influence performance of the electron transport system. This
review outlines the evidence thaher mitochondrial membrane density, association
between ATP synthases, and cristae morphology, impact the efficiency of energy
production by mitochondria. Further, we consider possible constraints on the capacity of
mitochondria to improve efficiency bgicreasing inner mitochondrial membrane density.
The aforementioned studies accomplish two goals: 1) understanding how exogenous,
environmental stressors influence whalimal performance, including metabolic rate

and life history variation, and 2) undemsding how mitochondrial behavior and

morphology can act as mediators in these relationships by being influenced by

environmental stressors and influencing animal performance.



Acknowledgments

This body of work is dedicated to my son, Benton Reed Heine. Benton was born
midwaythrough my PhD studies on February 18, 2019. He has inspired me to work

harder than | thoudhpossible andhewill always be my greatest source of inspiration.



Table of Contents

Y 0111 = Tod P L
ACKNOWIEAGMENTS. ...t ettt e e e e e e e eeees s s s e e e e e e e e e e e e eeeeeeessbnnneeeeeeees )Y
(IS o) B 1= o] = PP PP PP SPPPPPTRP viii
IS 0 T [0 IX
Chapter 1: Mitochondrial behavior, morphology, and animal performance............ 1
oo (3] ox 1o o 1R 1
Mitochondrialbehavior, morphology, and performance..............cccccoeeeeeeenns 4
Oxidative stress and mitochondrial morpholQgy................evvviiiicccrveeeinnnnne. 10
Animal performance and reproductive SUCCESS.............uuuvrererreeemiurrrrnnnnnnnn. 11
(@] o Tod 11153 (0] o 1 PR 13
RETEIENCES. ...ciiiiiiiieie e e aner e 13

Chapter 2: Ultraviolet irradiatin increases size of the first clutch but decreases longevity

IN & MArNE COPEPOM. .....uuuuiiiiiiiiiiiiiiiiieeerie ettt e e e e e e e e e e e e e s ame e e e e e e e e e e e s e enaes 21
0T 3 ox 1o o 1SR 21
Materials and Methods...........ooooiiiiiiiiiiii e 22
Copepod husbandry............coooiiiiiiiiiieee e 22
(D= 1= W oto] | 1= ox 1 o] o N PPURS 23
ANAIYLICAI AESIGN......eiiiiiiiiiiiiiiiiiiee et 24
RESUILS. ...ttt rnne e 25
Effects on fecundity..........ccooeeiiiiiiiiiiiieeeece e 25
Effects on reproductive effort and longevity............cccceevvviiiiicceeeenn. 25
3 o U 7 o] o RS 28
RETEIENCE ... e 32

Chapter 3Ultraviolet irradiation alters the density of inner mitochondrial membrane and

proportion of intesmitochondrial junctions in copepod myocytes................ 40
0T[5 ox 1o 1SR 40
Materials and Methods.............ciiiiiiiiiiiiecc e A2
Copepod husbandry..........ooiiiiiii 42
(D= 1= W ot0] | 1= od 1 o] o PRSP 24



MetaboliC rate.. ...t A4

Transmission electron MICrOSCOPY........ccvvvveeeerrvvrrrrmmmreeeeeeereenennnnnn. 44
Mitochondrial behavior and morphology measurements................: 45
ANAIYLICAI AESIGN......uiiiiiiiiiiiiiii et 47
RESUILS. ...t e et 48
MetaboliC rate.........ccvvviieiieiiiiiii e A8
Mitochondrial behavior and morphology.............cccccvviiviiieecninnee. . 48
[ o U 7] o] o PSPPSR 52
REIEIENCES. ...coiiiiiieeie e e eeee e 57

Chapter 4Copepod respiration increases by 7% per °C increase in temperature:-A meta

ANAIYSIS. ..ttt e 65
0T[5 ox 1o o 1T 65
IMEBENOUS. ...ttt e e ne e 67
Literature SearCh........cccoocieiiii e 67
Effect size eStimation..............oovvvviiiiiiimmeeiieeeeeeeeiii s scemeeeeeeeeenn 68
Data aCqUISITION........ceiiiiiiiieeeeee e 68
Effect size: Percent change in respiration.............ccccceeeeeeeeeeccceeennn. 69
Randomeffects metaanalyses and mixed modeling........................ 70
RESUIES. ..ot e e e e e e eeees s e e e e e e e e e e e e e e e e e et aantnnnreeeeeeeeerne 71
Effects of temperature on copepod respiration.............cccceeeeeveeeeeen. 71
Methodology, food availability, and DW............c.ccccoeeeeiiiieeeieeeeenn 12
SeNSItIVILY @NalYSIS.........ovuvviiiiiiiii e 74
Publication Dias...........eiiiiiii e 75
3 o U7 o] o RS 75
RETEIENCES. ...t e 77

.................................................................................................................... 83
0T[5 ox 1o 1SR 83
Response to change in energetic demand and mitochondrial decline....... 84

Density of the inner mitochondrial membrane and mitochondrial morphal8éy

ATP synthase bendiBeinner mitochondrial membrane................ccccvvevieeeee 90

Vi



Cristee and crista junction morphology.......ccccevvveeeeiiiiiiieeee e, 92

Cristae density and mitochondrial density.........cccccceeeeiiivieeeiciiiie e, 95
Conclusions and future direCtioNS..........covvvviiiiiiiiimmmre e smeeees 96
REIEIENCES. ... et e 98
(@] o Tod 180 [] g o I €=T 010> 14 € SSRRRR 105
Y 0] 01T TSP 108

Figure A1 Comparison between the two methods used to quantify derighg
inner mitochondrial membrane................uiiiiiccceeeeiiii e 108
Figure A2 Scdterplot showing the metabolic rates of individual copepods plotte
against copeqd body length for each treatment group................... 109
Figure A3 Transmission electron micrograph of a mitochondrion from the 3
UV irradiationtreatMent..........cooeveeeeeeeieeeeseeeees e eeeeeeeeeeeeee e 110
Figure A4 Change in magnitude between respiration ahdamperature versus
b1 used in our study to calculate percent change............cccccceo.... 111
Figure A5 Flow diagram of study identification, eligibility screening, and
1o 1157 o o S 112
Table A6 Tablesummary of variables included in metaalytical models and

how each was coded, as well as the levels within each variable if

applicable.... ... 113
Figure A7 Bubble plot of publication yealotted against effect size to assess
outliers and possible publication bias..............ccccoovviiieeen 114
List A8. Citations of studies used in the mat@alysis..................coevvvvvrviennn. 115

vii



List of Tables

Table2.1. Mean, standard deviations, as@mple sizes of life history responses in
copepods with respect to UV irradiation treatment................ooovvvvieemnenennene. 38

Table2.2. Results of GLMs predicting variation in the number of nauplii produced in the
first clutch and the total number of clutches produced per female copepo89

Table 31. Mean estimates, standard deviations, and sample sjzekritochondrial
behavior and morphology traits measured according to UV irradiation treatment

Table3.2 Results of LMMs predicting variation in the density of IMM, proportion of
IMJs, mitochondrial density, and mitochondrial area..............ccoeeeveeeeennees 64
Table4.1 Results of randoreffects metaanalyses and mixeeffects models of

Calanoida, Cyclopoida, and Harpacticoida orders and Calanoida families82

viii



List of Figures

Figurel.l. lllustration of how variation in morphology and organization within and
between mitochondria translatesvariation in wholeanimal performance.......3
Figurel.2. Proposed changes in mitochondrial behavior and morphology under increased
energetic demMaNnd...........oovviviiiiiiiccr e e e e e e e e aas 5
Figurel.3. Transmission electron micrograph of a myocyte from the cop&jgpobpus
(032 111 {0 ][04 B £ PPSRTRPRR 6
Figure2.1l Boxplots showing effects of UV irradiation treatments on fecundity and
longevity in female COPEePOUS........coevveeiiiieeiiiii e 26
Figure2.2 Scatterplots and boxplot showimgriation between life history traits......27
Figure3.1 Effects of UV irradiation on whotlanimal metabolic rate........................ 49
Figure3.2 Effects of UV irradiation on the density of inner mitochondrial memhr&oe

Figure3.3. Effects of UV irradiation on the proportion of irtetitochondrial junctions

Figure3.4. Effects of UV irradiation on mitochondrial density and area................ 52
Figure4.1l Metaanalytical, mean percent changes in respiration with 95% Cls of
Calanoida, Cyclopoida, and Harpacticoida copepod orders.............ccc...... 72
Figure4.2 Meta-analytical, mean percent changes in respiration with 95% Cis of
Calanoida copepod familieS.........cccccuiiiiiiiiireriiiiieieee e O
Figure4.3. Funnel plot of effect sizes plotted against standard error to assess asymmetry
and publication DIAS............oooeiiiiiiii e 74
Figure5.1 lllustration of how cristanorphology changes with density of the inner
mitochondrial membrane (IMM) and relation to other morphological traits88
Figure5.2 lllustration of how the density of cytochromexidase (COX), shown in red,

is greater in lamellar (A) verstisbular (B) cristae, or reticular structures....93



Chapter 1Mitochondrial behavior, morphology, and animal performance

Published with Wendy R. Hog@020)in Biological Review95(3), 730-737

INTRODUCTION

The efficiency with which dietary and endogenous nutrient stores can be
converted to adenosine triphosphate (ATP) plays an important role in determining
individual and speciespecific patterns of wholanimal performance (Drent & Daan,
198Q Gittleman & Thompson, 1988; Kenagyal.,1990; Scantleburgt al, 2001,
McBride et al.,2015; Saliret al.,2015). Herein, animal performanisedefined as an
animal 6s ability to producmanemewceggh ATP to
reproduction, and other energeticadlgmanding activities that promote survival and
future reproductive efforts. Investigators have taken a number of approaches to
understanding energy expenditure among individuals and species incluatimgt
limited to, measuring whol@nimal and basal metabolic rates, relating energy intake to
performance, measuring oxidative streseelationto mitochondrial performance, and
most recently, measuring oxygen use and ATP production of mitochondrija (e.g.
Gittleman & Thompson, 1988; Reinhold, 1999; Biro & Stamps, 2010; Bettah
2011; Speakmaet al, 2015; Mowryet al, 2017; Hillet al, 2019). For example, Salet
al. (2019) recently shoedthat individual differences in the growth rate of brown trout
(Salmotrutta) arecorrelated with the efficiency of ATP production by the liver. While
recent studies have made great strides in understanding the relationship between energy
production and wholanimal performance, there is still considerable, unexplained
variation in peiormance among individuals and species. The capacity to support the
production of offspring is, arguably, the
performance. Thbehavios and physiological processes that support each reproductive
event, such as territp acquisition and maintenance, intraspecific competition for mates,
gestation, and offspring nourishment, typically require a large increase in nutrient intake
or mobilization of endogenous fuel stores to support energy production. Thus, the
efficient praduction of ATP within mitochondria is an important determinant of animal

performance.



The mechanisms underlying variation in energy producéind how that
variation influences whoterganism performancare poorly understood. Investigators
are beginnig to understantetterwhat drives variation in mitochondrial physiology, but
the link between cellular and whebeganism performance is an area of inquiry in need
of further research. This lack of a clear relationship between energy production and
whole-organism performance has led researchers to evaluate mitochondrial respiratory
performance and, in particular, how oxidative stress modifies mitochondrial performance.
Variation in mitochondriabehaviorand morphology have been largely ignored in studies
of functional ecology. An increasing number of studies have shown thaglagiorand
morphology of mitochondria are highly dynamic, influencing energy production and the
capacity of mitochondria to respond to both endogenous and exogenous stresders (You
& Van Der Bliek, 2012; Rafelski, 2013). By studying these aspects of mitochondria, we
may gain insight into how organization and performance at the cellular level influence
whole-organism performance.

Here, we propose that the development of enerdigtidamandingoehavios and
life-history strategies are enhanced by changes ibahavior(positioning and
communication) and morphology of mitochondria within tissues that directly influence
animal performance. These changes include structural mouifisauch as the small
scale coordination of cristae within individual mitochondria (&tlal, 2009) that can
alter ATP production and influence the laigmale function of tissgawithin and between
organ systemd=gure 1.1; seeStrohm & Daniels, 2003). This idea builds on our
understanding of protein functions that control mitochondbedlaviorand morphology
(e.g, Schrepfer & Scorrano, 2016) by aiming to understand how soalé changes in
organelle structure can influenlegge scale changes in tissue and organ function.

Although studies of mitochondribkehaviorand morphology are becoming more

common, most studies examine how these two facets of mitochondria change in response
to extreme conditions (e,glisease, parasin, starvation; Mannella, 2086 By

investigating mitochondriddehaviorand morphology, we can understand the proximate
mechanisms that are causally responsible for variation in animal performance, as opposed

simply to characterizindurtherthe variaton itself.
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Figure 1.1. lllustration of how variation in morphology and organization within and
between mitochondria translates to variation in wholeanimal performance. From

the bottom of the figure, the structure and function of the elettmosport system (ETS)
influences the behavior and morphology of mitochondria, which influence cell
phenotype. In turn, cell phenotype influences organ phenotype, leading to variation in
whole-animal performance. Cell phenotype may also influence mitoctaddhavior
and morphology, leading to changes in structure and function of the@yT8§.
cytochrome c¢; FADoxidized flavin adenine dinucleotide; FADHeduced flavin
adenine dinucleotide; NADoxidized nicotinamide adenine dinucleotide; NADH
reduced nicotinamide adenine dinucleotideuQiquinone; ] NADH dehydrogenase; ,li
succinate dehydrogenase; Bytochrome c reductase; I¢ytochrome c oxidase; TP
synthase.
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Thisreviewoutlines low mitochondriabehaviorand morphology are inherently
linked to animal performance by first discussing how mitochondehaviorand
morphology directly influence mitochondrial performance. In addition, we outline how
mitochondrial morphology and perfaance are both influenced by, and directly alter,
oxidative stress. We briefly summarize how measures of mitochobdhaliorand
morphology are predicted to offer insight into our understanding of individual and
speciesspecific variation in reproductvperformance and reproductive strategies,
respectively. Lastly, we provide an overview of how future research may tatigr
the link between mitochondrial morphology and variation in animal performance, both
among individuals within populations aashongclosely related taxa that have
developed variants of certain lifestory strategies.

MITOCHONDRIAL BEHAVIOR, MORPHOLOGY, AND PERFORMANCE

To understand how mitochondria are linked to organism performance, we must
first understand how mitochondriaéhaviorand morphology influence mitochondrial
performance. Mitochondria are highly dynamic organellesabatinuouslychange their
function, sition, and structure to meet the energetic deswahdny given cell (Ziclet
al., 2009; Rafelski, 2013). To do so, individual mitochondria not only undergo fission
and fusion, but readily change their size and relative proportions of inner membrane,
intermembrane space, matrecpdouter membrane, density (Mannella, 26Q0@&nd
structural connections with one anothieiglre 1.2). These changes form the foundation
from which mitochondria can respond to changes in energetic demand (Patialard
2002).

Variation in organism performance has been attributed to variation in
mitochondrial physiology (e.gSalinet al, 2012, 2015; Zhang & Hood, 2016; Mowet/
al., 2017; Hillet al, 2019). Genetic and environmental factors can have direct ingacts
animal performance such as lifespan and reproductive output (Na&¢ai,02005; Liau
et al, 2007), but they also affect mitochondrial morphology (Sogo & Yaffe, 1994; Visser
et al, 1995; Zicket al, 2009; Puttet al, 2016). In particular, energyroduction can

increase significantly from changes in the morphology of the inner mitochondrial
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Figure 1.2. Proposed changes in mitochondrial behavior and morphology under
increased energetic demandncludes density of inner mitochondrial membrane

(IMM), proportion of intermitochondrial junctions (IMJs), mitochondrial density, and
mitochondrial fission and fusion. THiest three traits are predicted to increase (to an
extent) under increased energetic dedhavhereas the rates of fission and fusion will
depend on the need to discard damaged regions of mitochondria and rescue organelle
disfunction. The proportigof these traits relative to one another influence the function
of each individual mitochondrioand cellular function as a whole. All micrographs are of
myocytes of the copepaolgriopus californicus

membrane (IMM; Mannellet al, 2013; Nielseret al, 2017; Afzalet al, 2019).

Previous work using cryelectron tomography in rat liver and cattle heart has shown that
cristae structure modulates bioenergetic capacity through the positioning of ATP synthase
dimers and the folding of cristae (Straessl, 2008; Cogliatet al., 2016). Additionally,
inte-mitochondrial junctions (IMJs) are present in greater proportionsre active

types of tissue (e.gheart and diaphragm; Picaetlal, 2015) and also increase in density
following a rise in metabolic demand from events such as running (Ritald2013).

IMJs are electromlense regions connecting two or more adjacent mitochorkigaré

1.3; Duvertet al, 1985), where the cristad adjacent mitochondria align in a parallel
fashion. This form o&issing communicatiabbetween mitochondria has been linked to
cardiac function in rats (Cao & Zheng, 2019) and exercise in mice (Ritatd2013;



Figure 1.3. Transmission electron micrograph of a myocyte from the copepod
Tigriopus californicus Electrondensgdarker regionsinter-mitochondrial junctiongre
shown by red arrows. Contact sites showing no increase in electron density (lighter
regions)between mitochondria are shown by yellow arrowheads.

see als®aghistaniet al, 2018. Thus the density of IMM and proportion of IMJs may
be crucial morphological components of mitochondrial performance.

The relative area covered by the IMM has a direct impact on ATP production.
Protein complexes I, Ill, and IV of the electron transport sygtETS) are embedded
within the inner membrane and are responsible for pumping protons across the IMM into
the intermembrane space, as Complex Il delivers electrons to the quinone pool where
they also enter the ETS through Complékigure 1.1). This prdon gradient ultimately
leads to the production of ATP as protons flow down an electrochemical gradient and
through Complex V, as Complex IV reduces oxygen to water (Hatefi, 1985). The
presence of complexet\M, and their proportiomelativeto the amounof inter-
membrane space, mitochondrial matrix, and mitochondrial size, directly influences the
amount of ATP any given mitochondrion can produ€igyres 11 and1.2; Afzal et al,



2019). A greater amount of IMM can be populated with more ETS complexehjsu

change may come with costs of increased oxidative sgesSéction Il). For example,

Strohmé& Daniels (2003) correlated an increase in density of IMM within the flight

muscle mitochondria of beewolf wasfhilanthus tiangulum) witht he wasps o6 abi |
provision honeybees to their offspring. In this example, wasps with a greater energetic

capacity of their flight muscles were able to collect and carry more bees back to their

broods within a given amount of time. Such work has destnated that a greater density

of the IMM may be linked to greater reproductive success. However, area of the IMM is

not the only morphological feature that impacts functional capacity.

Not only do protein complexes embedded in the IMM contribute to its
morphology (Paumardt al, 2002), but fission and fusion of the IMM directly influence
the formation of cristae (Mannella, 20f)Gnd efficiency of the ETEeeZick et al.

(2009 for a review of how protein function is related to cristae morphglGinenet al,

2011; Cogliatiet al, 2014. Such changes resulting from fission and fusion processes can
regulate different mitochondrial conformations (condensed, orthodox, etc.) that result
from changes in energetic demand and/or nutaeatiability (Hackenbrock, 1966). As is
the case in bacteria (Lane, 2006), the size of mitochondria is directly linked to efficiency
of the ETS within any given cell, limiting the amount of IMM that can exist within a
single mitochondrionHowever, @nsityof IMM cannot increase indefinitely with
mitochondrial sizeasrespiratory efficiency may decreasbenmitochondrial volume

and density of IMMgreatlyexceed the surface area of the mitochondrion (Nawetadil,

2008; this may be one of many reasavisy there ar¢housandsather than a few
mitochondria within a given cell. Additionally, mitochondrial function can be

upregulated by increasing mitochondrial density irrespectivieeafensity of IMM.
Therefore, mitochondrial function can be altereddmelychanges in morphology through
changes in mitochondridlehavior

Herein, mitochondriabehaviomrefers to the movement and position of
mitochondria within cells, including their position relative to other mitochondria that may
possibly mediate commigation between mitochondrial tubules. These mitochondrial
movements stem, in part, from changes in mitochondrial morphology. One of the most

recent strides in understanding mitochondrial morphology, and thebsbesior is the



study of IMJs (Bakeevatal., 1983; Picaraet al, 2015). Two aspects of these structures
infer why they likely influence mitochondrial functiofi) the alignment of cristae at a
right angle to the IMJ an(i) theincreasegroportion of IMJs in tissuesith greater
energetic dmand (Picardet al, 2015).

The alignment of cristae at IMJs has been suggested to regulate the
communication of information between mitochondria, including gene expression (Ng &
Bassler, 2009) and/or the transfer of electrochemical gradients @t4las1997; Pacher
& Hajnoczky, 2001; Sant®omingoet al, 2013) this would ultimately mediate
differential function of mitochondrial populations, however, this relationshiptbe
confirmed through empirical research. For example, in myocytegisimusculus
populations of intemyofibrillar and subsarcolemmal mitochondria differ significantly in
their morphology (Picardt al, 2012) and, therefore, likely their function. Sliani
examples have been found in theraded geegénser indicuy where subsarcolemmal
mitochondria are redistributed near the cell membrane to facilitate greater diffusion of
oxygen in flight muscles at high altitudes (Stetal, 2010). A greater proption of
IMJs was also found in both intewyofibrillar and subsarcolemmal mitochondria
immediately following a single bout of exercise in mice, indicative of increased
metabolic function (Picardt al, 20133). If IMJs are tightly coupled to mitochondrial
function, then the presence of these structures may influence adaptationfistdife
strategies that rely heavily on increased mitochondrial performance. For example, in
outbred laboratory mice, food intake gradually increases to match energy demtinds
peak lactation when nutrient intake is five times greater than that efepooductive
animals (Speakman & I8, 2005) Just as exercise increases the density of IMJs in
skeletal muscle, the same may be true for mitochondria in the liver whicikdg@energy
needed for the mammary glands and milk synthesis.

Aside from changes in mitochondrial ultrastructure, metabolic function can also
be influenced by nemorphological changes, for example, through increases in the
amount of free intranitochondral C&* (McCormacket al, 1990) or permeability of the
IMM (Brand et al, 1991). However, changes in metabolic function without changes in
mitochondrial structure can only occur within certain limits. For instance, to increase the

rate of conversion of ADP to ATP, a mitochondrion may increase the amount of substrate



availablewithin the mitochondrial matrix through several intaad extracellular
pathways such as those involving the supply of fatty acids (Brown, 1992). Such events
may then lead to a greater proton gradient within the-m&nbrane space as more
electrons arpassed across the IMM. However, without any significant change in
mitochondrial size or the number of complexes embedded in a more deacletyl
IMM, there is likely a hard limit on the quantity of protons that can be pumped at a given
rate into an intemembrane space of a given size without a change in morphology (Willis
et al, 2016).

Significant increases in density of the IMM within mitochondria (Mannella,
200@b; Nielsenet al, 2017) and the proportion of IMJs within a cell (Picatl, 2015)
could influence tissue function and, therefore, whaiganism performance (e,&trohm
& Daniels, 2003). However, the proximate function of IMJs warrants further research,
and itremaingto be established whether these relationships are causal or coerdfati
changes in these two traits fawoncreased ATP production, then organisms that develop
favourable changes in these traits may be able to develop more energetically demanding
and successful means of reproduction (gugater mate guarding durai®) increased
clutch size, greater provisioning of resources to young). Provided that certain aspects of
mitochondrialbehaviorand morphology vary among individuals and are heritable, such
changes may be inherited by offspring of reproductively succesdiuiduals and
account for individual, if not speciepecific, variation in animal performance. Not only
is mitochondrial ultrastructure, along with fission and fusion dynamics, heritable in yeast
(Sogo & Yaffe, 1994), but differences in the distribotaf subsarcolemmal
mitochondria have evolved in baeaded geese in comparison to other species,
irrespective of phylogenetic relatedness (Sebél, 2009).

Changes in mitochondrial morphology between individuals within populations is
predicted to bexacerbated across populations of organisms and closely related taxa as
selective pressures change over evolutionary time. Future research should aim to
understand how thiegehaviorand morphology of mitochondria change in response to
adverse and detrimealtconditions that affect wholenimal performance, such as aging
and the collapse of biological systems (Gottschling & Nystrom, 2017). As we have

outlined above, the function of mitochondria is often linked to mitochorokeiavior



and morphology. Howevesuch molecular studies should be interpreted with care, and
the limitations of using experimental as opposed to natural systems should be made
explicit and discussed at length (Picatdil, 2013). Additionally, mitochondrial
behaviorand morphologyikely play formative roles in the regulation of, and damage

due to, oxidative stress, which ultimately influences mitochondrial function.

OXIDATIVE STRESS AND MITOCHONDRIAL MORPHOLOGY

Mitochondrialbehaviorand morphology directly impact mitochondrial
performance, however, the production of ATP is only a single variable among a suite of
traits that impact both cellular and organismal performance (Ei$rady 2018).

Therefore, we must take into accountestiraits that change in relation to mitochondrial
function. One such trait that has a major impact on ETS function is the production of
reactive oxygen species (ROS). ROS are produced by a number of endogenous (e.g.
oxidative phosphorylation) and exogersqe.g, radiation) factors and inevitably impact
the stability and performance of mitochondria (Zhehgl, 2017) and, therefore, whele
animal performance (Zhareg al, 2018; Heineet al, 2019).

ROS are highly reactive molecules that contain oxyg@em hydrogen peroxide,
hydroxyl radicals, superoxide) and are formed, in part, as byproducts of the ETS. Due to
the reactive nature of ROS, these molecules can readily damage DNA, lipids, and
proteins within the cell (Finkel & Holbrook, 2000) and h#lve potential to decrease
mitochondrial function and/or act as signaling molecules (Zletiad), 2017; Hoockt al,
2018, 2019). To mediate R@&duced damage and improve performance, mitochondria
can alter theibehaviorand morphology to reduce and/or repair oxidative damage. This
can be accomplished through fission and fusion dynamics that either eliminate damaged
regions of mitochondria or rescue organelle disfunction, respectively (Westermann,
2010). These dynamics likely result from significant changes in membrane morphology
(Cogliatiet al, 2016; Cao & Zheng, 2019) and may stem from (or produce) IMJs,
althoughiMJs arepresenfollowing the knockout of proteins responsible for inter
mitochondrial tetheringnjitofusins 1 and R Further evidence suggests that IMJs are
closely related to increased mitochondrial function (Piea, 2015). Additionally, the
dersity of IMM may directly influence the regulation of ROS.

10



Oxidative damage is known to induce mitochondrial fragmentaisolipid
peroxidation (Farmt al, 2010) and, therefore, significantly remodel mitochondrial
structure. This can occur either ditly via oxidative damage to IMM or indirectly
through mitochondrial fission and repair mechanisms, changing the density of IMM
within a mitochondrion of a given size. In both cases, the amount of ATP produced is
likely to change under elevated ROS productAlthough ATP production can be
upregulated from a more densely packed IMM (Niekseal, 2017), we should consider
whether or not this benefit is balanaghinsthe cost of increased ROS production and
oxidative damagesgeStrohm & Daniels, 2003)Aside from antioxidants that are capable
of quenching ROS (Ristow, 2014), ROS can be regulated through changes in morphology
as mentioned above. Since IMJs and density of IMM have been linked to increased
energetic demand (Mannella, 2@)®icardetal., 2013; Afzal et al, 2019), it is
plausible that these traits regulate mitochondrial function concurrently in response to

oxidative stress.

ANIMAL PERFORMANCE AND REPRODUCTIVE SUCCESS

The ability to maximize ATP production to support reproductivéopmance
could begin with changes in mitochondiiehaviorand morphology that improve
bioenergetic efficiency. Within a given population, we predict that individuals that are
most efficient at converting available nutrients into ATP will typically hagder
reproductive success than those that do so less efficiently. Greater efficiency of ATP
production will be achieved, in part, by changes in mitochondehaviorand
morphology.

Reproductive success can be defined as the ability of an organsodtae
viable offspring (CluttonBrock, 1988); this can be viewed as the number of offspring
produced either per reproductive bout or
among eukaryotic organisnBifferent species and taxonomic groups varthia strategy
used to maximize reproductive performance (@estation, iteroparity, lactation, mate
guarding), and individuals vary in their capacity to allocate resources to, and modify,
each of these variabldsor instance, variation in reproductive success is often linked to
body size (CluttorBrock, 1985; Bosh & Vicens, 2006; Milenkayat al, 2015),
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however, body size alone explains a small portion of variation in reproductive success.
To carry out the aforementioned strategies, organisms must have access to sufficient food
or stored nutrients to elevate APRoduction well above maintenance. When access to
ATP is sufficient, an organism should be able to fuel any changes in morphology and
organ structure that support gamete production, mating, and offspring nourishment.
Further, any individual that is able &llocate relatively more resources to reproduction is
likely to achieve enhanced reproductive sucetsthe production of more and/or higher
quality offspring. This energy is produced almost entirely by mitochondria and regulated
in part by mitochondial behaviorand morphology. For energy to be allocated efficiently
to reproduction, mitochondria must-ugr downregulate energy production, as required,
across different types of tissue and organs. Although increased energy intake can be
important in acomplishing this, how nutrients are utilized within the mitochondrion is
influenced by mitochondrial structure. Therefore, energy allocation to reproductive
strategies, through changes in mitochondr&iaviorand morphology, largely influences
variationin reproductive success.

Numerous reproductive strategies exist among eukaryotic organisms. Although
vast differences exist between taxa, individuals of the same species in the same
environment may differ in the number and quality of the young they peodioth
genetic and environmental factors influence strategies of reproduction. As a consequence,
reproductive strategies have evolved over large time scales to maximize reproductive
success under typical conditions, but stierin plasticity allows animato modify their
effort to match current conditions and their physiological state (Bernardes, 1996; Gross,
1996). Therefore, intraor interspecific differences in energy allocation to reproduction
likely stem from differences in physiology. Mate guagdis a prime example of a
reproductive strategy that can be highly energetically demanding and varies greatly
among extant taxa (Grafen & Ridley, 1983; Boxshall, 1990) but also varies at an
individual level (Tsubokdshii & Burton, 2017), leading to diffential reproductive
success. For such energeticalgmandindgehavios to be sustained, large amounts of
energy would need to be produced over short periods of time. In addition to reproductive

success, changes in mitochondbahaviorand morphology aralso likely to occur
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following high energetic demands of other performance correlates, such as rapid

development, response to an immune challenge, and migration.

CONCLUSIONS

(1) Thebehaviorand morphology of mitochondria play a vital role in efficient
ATP production. Although research to date has successfully characterized variation in
animal performance and energy expenditure, we do not fully understand the physiology
behind how that variain in energy production develops. We propose that individual
differences in théehaviorand morphology of mitochondria contribute to variation in
energetic capacity among individuals.

(2) Further, we propose that the developmemargeticalljdemanding
behavios and lifehistory strategies are enhanced bylibhaviorand morphology of
mitochondria that increase ATP production in relevant organs. In particular, we argue
that an increase in the proportion of IMJs and density dMiv: facilitate an
upregulation of ATP production.

(3) The hypothesis presented here provides a mechanism for how energy
production can vary among individuals within populations and between closely related
taxa, parthyeadingto some of the variation waee in animal performance. Yet, there are
currently few data that support these ideas in an ecological context. We believe that
evaluating the relationships between mitochondirddavior morphology, and animal
performance will be a fruitful avenue ofsearch. We encourage others to consider the
importance of variation in mitochondriaéhaviorand morphology in both intrand

interspecific variation in animal performance and reproductive success.
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Chapter 2Ultraviolet irradiation increases size of the first clutch but decreases

longevity in a marine copepod

Published with Matthew J. Powers, Christine Kallenberg, Victoria L. Tucker, and Wendy
R. Hood (2019) irccology and EvolutioB(17), 97599767

INTRODUCTION

The life history of sexually reproducing organisms can vary greatly both within
andbetween populations and is influenced by numerous endogenous and exogenous
factors (Fisher, 1930; Stearns, 2000). To understand this variation, it is important to
delineate how the environment influences survival and reproductive success. For
organisms teurvive and achieve reproductive success in the face of changing
environments, they must balance the costs and benefits of exogenous stressors with
maintaining basic metabolic functions, surviving to reproductive age, and producing
viable offspring (Willians, 1966 Speakman, 20Q08Many exogenous stressors to which
organisms are exposed can have beneficial effects on organism performance at certain
levels of exposure but detrimental effects at other levels of exposure. This dichotomy can
make it challengindor an investigator to predict the impact of a stressor on animal
performance.

A hormetic response improves organismal performance under low levels of
exposure to a stressor that is detrimental at higher levels of exposure (Mattson, 2008;
Yun & Finkel,2014 Hoodet al, 2018. Hormetic responses are ubiquitous (Constantini,
2014), occurring in varied organisms, including insects (Shemtad 2018), humans
(Radaket al, 2008), and rodents (Zhaegal, 2017), and they have been shown to occur
as a consequence of both endogenous and environmental stressors (Zhang & Hood,
2016). One such factor that is often considered harmful but can also benefit organism
performance at low levels of exposure is ultodet (UV) radiation (Williamsoret al,

2001 Paul & GwynnrJones, 2003essen, 200&iylander, 2011 In mammals, the
interaction between UAB radiation and intracellular catalase produces reactive oxygen
species (ROS; Headt al, 2003). ROS are highlyeactive molecules that can directly
damage DNA, lipids, and proteins. High levels of UV irradiation can directly damage
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DNA (Setlow & Setlow, 1962Boyle & Setlow, 1970; Cadet al, 2005) and can
indirectly reduce cellular performance via R@8uced cdular damage (Finkel &
Holbrook, 2000). However, lower levels of ROS have been shown to serve as a cellular
signal to increase antioxidants, repair enzymes, and stimulate mitochondrial biogenesis
(Zhanget al, 2017). This hormetic response can increaielaeperformance. Whether
UV radiation can have a hormetic effect on organism performance, and therefore, a
beneficial effect on the life history of organisms, remains to be further explored.

Ultravioletradiation is a prime example of an exogenousfatiat is
ecologically relevantforsmabh odi ed i nvertebrates. Copepods
surface are naturally exposed to UV radiation. While UV radiation has been shown to
negatively affect copepod reproduction and survi8abft, 1995Kane & Panory, 2001;
Wonet al, 2014, 2015Puthumanat al, 2017, most studies have evaluated the effect
of UV radiation at relatively high levels of exposufellowing Han et al. (2016), who
demonstrated increased antioxidant productiofigmiopuscopepods following-hr UV
irradiation at 0.5 W/rf) we hypothesized that UV irradiation increases organism
performance through enhanced life history characteristics

We evaluated the impact of UV irradiation on reproductive performance and
longevity in the temperate splash zone copefigdopus californicuausing various
performance correlates. Copepods were exposed 1e, or 3-hr UV-A/B irradiation at
an intersity of 0.5 W/n?. We quantified the number of offspring (nauplii) produced in the
first clutch for each female to estimate fecundity (Barreto & Burton, 2013). Given that
clutch size and gestation duration (i.e., incubation) oftevacy (Okkenst al, 2001,
Dobbset al, 2006;Brown & Shine, 2008 we also quantified the gestation duration of
the first clutch. We evaluated the impact of UV irradiation on reproductive effort by
guantifying the total number of clutches produced per female. Finalljjeasured the
impact of UV irradiation on longevity. Assuming a beneficial response, we predicted that

fecundity, reproductive effort, and longevity would increase under UV irradiation.

MATERIALS AND METHODS
Copepod husbandry
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This study took place fromeptember 2017 to August 20IR.californicus
copepods were obtained from Reef Nutrition, Campbell, CA in two phaSeptember
2017 and January 2018. Panmictic culture§.afalifornicuswere maintained in 739 mL
containers with artificial sea water (ASW salinity S = 32 and fetsochrysisand
Tetraselmisalgaead libitum Individuals were kept on a natural, ambient light cycle from

lab windows at22 3 C. Her ei n, we refer to these as

Data collection

Male T. californicusclasp and guard virgin females until they become
reproductively mature (Burton, 19893Mating clasped pairs were collected from stock
cultures and placed into a-2¢ll plate halffilled with ASW of salinity S = 32. For
irradiation, the plate was placed inside a black bin with a UV light (wavelergfts
nm; Exo Terra 10.0 UVB Repti GDesert Terrarium Lamp) overhead and covered with
a black drape to remove effects of ambient light. The majority of photons from the UV
light were derived from UMA radiation between 340 and 3ifh, decreasing in exposure
up to 400nm and down to UMB radiation at 29Gim. Lamp distance from the plate was
predetermined to produce an intensity of 0.5 W(i#anet al, 2016), measured using a
Sper Scientific UYA/B light meter. Clasped pairs were randomly assigned to shor) (
and longterm @-hr) UV treatmentsgeeHanet al, 2016), or d-hr, full-spectrum
control treatment (no UAB produced, placed at a distance so that neAUNas detected,;
Exo Terra Full Spectrum Natural Daylight Bulb). All females were irradiated while
clasped by males to ensuhat females had not previously mated, allowing us to
manipulate which females would or would not mate following treatment. After
irradiation, clasped pairs were placed into 100 x 15 mm petri dishesdhvithitumalgae
and exposed to indirect, naturalitgrom lab windows; UV radiation was measured at
0.0 W/nt at this location in the lab on a clear, sunny day. Therefore, copepods were only
exposed to UV radiation during the aforementioned treatments. All petri dishes were
aerated by hand each day. Watalinity was checked weekly, and fresh ASW was added
to dishes each week to replace any water loss due to evaporation. Males were removed
from petri dishes once females became gravid, and all nauplii were placed back into stock

culture once counted. To pent insemination within a subset of females, virgin females
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were separated from males during mate guarding immediately after treatment. This
allowed us to determine the effects of UV irradiation on longevity between mating and
non-mating (virgin) females.

To examine effects of UV irradiation on fecundity, we recorded the number of
nauplii produced from the first clutch and the number of days from the appearance of an
egg sac to hatching (i.e., gestation) of the first clutch. We assessed reprodudtive effo
and survival by measuring the number of clutches (egg sacs) produced and lofigevity.
californicusfemales mate while undergoing five copepodid molts (Burton, 1685;
Raisuddiret al, 2007). To control for age at the time of irradiation, the nuraberolted
exoskeletons in each petri dish was quantified once females became gravid. Molts
remained in petri dishes throughout the experiments and were checked again once
females were deceased. That value was subtracted from five and included as a&covariat

in longevity models.

Analytical design

All analyses were performed using R version 3.5.0 (R Core Team, 2018). We used
theAMASSO library (Venables & Ripley, 2002) for modeling and figgplot2 package
(Wickham, 2009) for graphical development.

The number of clutches per female was modeled as a dependent variable relative
to treatment (control, short, long UV irradiation) as an independent variable using zero
inflated negative binomial regreseidue to ovedispersed, discrete count data
containing excess zerddikely due to U\Vtinduced sterility and/or unsuccessful mating.
The number of nauplii produced in the first clutch was modeled as a dependent variable
relative to treatment using a Poisgmneralized linear model (GLM) due to skewed
count data containing zeros (ldtial, 2011). The fully saturated model included an
interaction between treatment and gestation duration as independent variables and was
reduced using thisstem function. Thefinal model was compared to both the null model
and the fully saturated model usioganalysis.

Nonzero counts of gestation duration and longevity were log and saodre
transformed, respectively, to achieve residual normality. Gestation duratioongyeyity

were modeled as dependent variables using general linear models (LMs) with treatment
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as an independent variable. To evaluate the effect of UV irradiation on thetrade
between reproduction and longevity, we modeled the interactive effect ofddNation
and reproduction on longevity by comparing female copepods that reproduced, those that
did not reproduce, and virgins that did not datengevity was not transformed in this
model.

We also modeled longevity as a dependent variable with theaation between
the number of clutches and treatment while controlling fod agehis model, longevity
was squargoot transformed and included all females that mated. Because this interaction
was not retained in the final model, the resulting modekssmts differences in
longevity between treatment groups while controlling for the additional effect of the
number of clutches on longevity. Females that were not aged were not included in
longevity models. Saturated models were reduced usinste function; model
comparisons were conducted usafganalysis. Final LMs were validated by extracting
model residuals using tlieesid function and testing them for normality using the
ShapireWilk test.

RESULTS
Effects on fecundity

Descriptive statisticare presented ihable 2.1. Of females that mated and
produced a first clutch, the number of nauplii produced was significantly greafer for
and3-hr UV treatments relative to the control while controlling for gestation duration
(Table 22A; Figure 2.1A). Clutch size did not differ betwedn and3-hr UV exposure
(Est. =-0.04;SE= 0.07;p = 0.58). Clutch size significantly decreased with increasing
gestation durationTi@ble 22A; Figure 2.2A). Lastly, there was a trend suggesting that
1-hr UV exposure could reduce gestation duration, but this was not statistically
significant Table 22B; Figure 2.1B). Gestation duration und8&rhr UV exposure did
not differ from thel-hr treatment (Est. = 0.08E= 0.09;p = 0.69).

Effects onreproductive effort and longevity
To determine the effects of UV irradiation on reproductive effort, we quantified

the number of clutches produced by all females that mated. We also quantified the
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Figure 2.1. Boxplots showing effects of UV irradiation teatments on fecundityand

longevity in female copepodsA) the number of nauplii produced in the first clutch with
gestation duration as a covariate and B)-fitatch gestation duration. The effects of UV
irradiation on reproductive effort are indicated by C) the number of clutches (eggs sacs)
produced perdmale, and additionally, the impact of treatment on D) longevity with the
number of clutches and age as covariates. Large dots represent mean estimates, and n is
sample size. Significance codes:ingot significant, #0.1, *0.05, **0.01, and ***0.001.

longevity of both mated and virgin females. Of females that mated, UV exposure had no
effect on the number of clutches producé&die 22-C1; Figure 2.1C), nor on the odds
of not producing clutched ble 22-C2).

To avoid collinearity, we modeled longevity using two different methods: first,

with reproductive status (virgin, failed mating, or produclediches) as an independent
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Figure 2.2. Scatterplots and boxplot showing variation between life history traitsA)

the relationship between the number of nauplii produced in the first clutch and gestation
duration with UV irradiation as a covariate, B) the relationship between longevity and
reproduction of virgin female copepods and females that mated and didnat didiled
mating) produce clutches with age as a covariate, C) the relationship between longevity
and age with reproduction as a covariate, and D) the relationship between longevity and
the number of clutches with age and UV irradiation as covariasegeldots represent

mean estimates, and n is sample size. Gray shading in scatterplots denotes 95%
confidence intervalsSignificance codes: risnot significant, #0.1, *0.05, **0.01, and
***(0.001.

variable and second, with the number of clutches produced by mated females as an

independent variable. Females that mated but failed to produce clutches had significantly
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reduced longevity relative to both virgin females and females that did produce clutches
(Table 22D; Figure 2.2B). The longevity of virgin females did not differ from the
longevity of females that produced clutches (Est. = BE&3; 5.70;p = 0.99). UV

treatment was not retained in this model. While controlling for the number of clutches,
longevity was lower followind-hr UV irradiation Table 22E; Figure 2.1D). Longevity
under3-hr UV exposure did not differ from tHehr treatment (Est: 0.22;SE= 0.41;p

= 0.59). Age at the time of irradiation and longevity were inversely related in both
longevity modelsTable 22D, 2.2E; Figure 2.2C). The number of clutches produced
increased significantly with longevity éble 2 2E; Figure 2.2D).

DISCUSSION

An important focus of life history research is understanding how natural variation
in organism performance arises within and between populations. The ability of organisms
to survive to reproductive age and produce viable offspring is affegtedrberous
endogenous and exogenous factéisher, 1930; Stearns, 2Q@evrekeret al, 2009).

UV radiation is an exogenous, environmental factor that is known to play a significant
role in the survival and reproduction of srAatidied invertebrates si@s copepods
(Damkaeret al, 198Q Bidigare, 1989; Caramujet al, 2012). Accordingly, the aim of
this study was to determine if UV irradiation can benefit organism performaiice in
californicuscopepods. We hypothesized that UV irradiation increasggesm
performance through enhanced fecundity, longevity, and reproductive €ffwrt

findings indicate that UV irradiation increased the number of nauplii produced from the
first clutch ofT. californicusfemales but also decreased livegevity among females that
mated Figure 2.1A, 2.1D). Our results may be explained by any single or combination
of the following mechanisms: hormesis, antagonistic pleiotropy, or a reduction in
pathogen load.

Under hormetic theory, low levels of exposio a stressor improve organismal
function, where higher levels of exposure decrease organism perfornvéattso(,
2008;Handy & Loscalzo, 201 Ristow, 2014; Yur& Finkel, 2014; Zhangt al, 2017
Hoodet al, 2018). We speculate that the increaseoipepod fecundity in both- and3-
hr treatment groups suggests that the proximate, cellular benefits associated with modest
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UV irradiation (increased antioxidant production, signaled by increased oxidative stress)
may have manifested in improvedganism performance (Ristow, 2014; Zhang & Hood,
2016). The intensity of UV irradiation used in our study is similar to that of Han et al.
(2016). In their study, Han et al. showed that offigriopuscopepods exposed to three
and six hours of UV irradteon at this intensity showed a rapid stress response at 96
hours post treatment. Not only did ROS production increase significantly in ovigerous
females in their study, but the production of antioxidant enzymes increased f@r both
and6-hr treatments, it not al-hr treatment. Given that ROS was not upregulated at one
hour in Hanés study, but we found both an
longevity at this time point, other mechanisms could be at play. Souza et al. (2012) has
also showrthat freshwater copepods exposed to 288 kVm? of UV-A irradiation can
elicit a shoriterm stress response by upregulating the production of enzymes that
counteract peroxidation, cell death, and enable neurotransmissions. WHhHerth&/
treatment irour study was associated with increased fecundity, it was also associated
with reduced survival. As such, the benefits of ROS exposure to fecundity may not have
been enough to overturn oxidative damage that may be responsible for reduced longevity,
although other mechanisms are possible. We also observed a decrease in longevity
among females that mated but did not produce clutches. This may be due to poor
condition of select females entering the studiyespective of UV irradiatioh
ultimately leading to par reproductive performance.

Alternate forms of radiation and stress have also been shown to elicit hormetic
effects in other organismglianget al, 2017 Shephardet al, 2018). Shephard et al.
(2018) recently characterized the effect¥whdiation on reproductive performance in the
cricketAcheta domesticusimilarly, they found that modest irradiation was associated
with an increase in fecundity. While longevity was not reported, they also found an
increase in average egg size. This result, along with the reduced gestation duration found
in our study, sugests that radiation exposure may allow females to increase the quality
of young, in addition to the quantity produced. In addition to exogenous, environmental
stressors, endogenous stressors have also been found to benefit organismal performance.
Work by Zhang et al. (2018) indicated that female mice that ran on a wheel before

breeding produced more pups that were heavier at weaning than females that did not have
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a wheel. Consistent with hormetic theoMattson, 2008; Yui& Finkel, 2014 Hood et

al., 2019, low exposure to a stressor in their study was shown to increase mitochondrial
density in several organs and may be associated with increased organism performance.
While modest levels of a stressor may be immediately beneficial, it is feasible that
damagdrom oxidative stress may accumulate and have delayed impacts on performance
and offspring qualityRodriguezGrafiaet al, 2010).

Our study indicates that UV irradiation may increase reproduction early in life but
also increase the rate of senescente la life. In this respect, UV radiation may hold an
adaptive significance and partly explain the short life cycles of copepods if individuals
are able to increase their reproductive output at an earlysagegrrandezet al, 2018
for an example icladoceransHylanderet al, 2014). Tradeoffs between reproduction
and longevity are predicted under antagonistic pleiotropy and the disposable soma theory
of aging. Under antagonistic pleiotropy, selection is predicted to favor genes responsible
for shorer lifespan when they are linked to increased reproductive success early in life
(Williams, 1957 He & Zhang, 2006). Therefore, it is feasible that a gene, or suite of
genes, is responsible for improved fecundity under UV irradiationdigp@sable soma
theory of aging states that allocating more resources to reproduction can reduce the
allocation of resources to processes that supportrsgtitenance and longevity
(Kirkwood, 1977;Gavrilov & Gavrilova, 2002; Nussest al, 2006). Thusitiis feasible
that the hormetic response to UV irradiation pulls resources away from maintenance,
reducing longevity. Each of these mechanisms are speculative and warrant further
investigation.

Finally, there are several other mechanisms that may bensss[gfor the
observed effects. Pathogen infection of zooplarktmtluding copepods is a
widespread phenomenon in both freshwater and marine environr8ehis(Fulton,

1969 Overholtet al, 2012). Although UV radiation is often deemed detrimentaié¢o t

life history of organisms, its effects may benefit host survival and/or reproductive
performance by decreasing the survivability and prevalence of pathogens (Williamson
al., 2017). Evidence for a reduction of pathogen prevalence following UV iriauiads
been supported in a fungal parasite of water fleas (Overhalt 2012), the bacterial

load of rotifers (Munrcet al, 1999), a nematode parasite of moths (Gaugler & Boush,
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1978), and reduction of human parasites by-R)Wradiationin vitro (Connelly et al,

2007), among other examples. Pathogen infection of copepods can decrease fecundity,
egg production, respiration rates, and increase mort&litgrerer & McKinnon, 1990
Albaina & Irigoien, 2006; Fieldst al, 2014). Aside from reducing tlpgevalence of
pathogens, UV radiation can also influence reproduction in accordance with diet. Work
by Hylander et al. (2014) has shown that female reproductive performance can increase
following sublethal exposure to UV irradiation when females are tédtaich in
mycosporindike amino acids that aid in screening UV radiation. Although diet may
have had an influence on the ability of female copepods to defend against harmful UV
irradiation in our study, it is unlikely that the observed effects hareimue to diet,

provided that all females were suppligdl libitumaccess to the same algae throughout

the study ¢eel.eeet al, 2018for how caloric restriction may influence the life history of
aguatic organismsFurthermore, UV radiation is necessary for endogenous vitamin D
production; an induced increase in vitamin D via UV irradiatioD@phniahas been

shown to increase fecundity (Connetiyal, 2015). However, previous work has
demonstrated that vitam is likely not present in copepods (Karlssral, 2015).

We show that UV irradiation had an immediate, positive impact on fecundity,
increasing the number of nauplii that females produced in their first clutch. This finding
indicates that females expambkto UV radiation prior to reproducing may have an
increased capacity to produce more offspring, at least early in their reproductive lifetime.
Additionally, females with larger clutches also displayed relatively shorter gestation
periods than females \hitsmaller clutches. Reduced gestation could be associated with
more rapid development or constraints on egg sac capacity. Further work is needed to
determine if the total number of naupl ii
significantly unde UV irradiation. Additionally, our study has tested the effects of UV
irradiation in a marine species of copepdddalifornicug that exists above the intertidal
zone along the west coast of North America. These copepods exist in shallow splash
pools amwl are likely exposed to greater amounts of UV radiation in natural environments
than in this study or other species of lake and odeailing taxa of zooplankton.

Alonso et al. (2004) and Overholt et al. (2016) demonstrate how copepods may exhibit

UV radiation avoidance behavior, which may ultimately expose individuals to low
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intensity, UV radiation. As indicated by Williamson et al. (2019), the effects of ROS may
only be relevant in species that exist within the top few centimeters of aquatic
environmentsTherefore, further research is needed to determine the likelihood that
cellular signaling or ROS plays any role in the responses observed herein. If possible,
future studies may also benefit from using natural sunlight to determine the effects of UV
radiation on reproductive performance and life history characteristics (Williapisain

2019). Provided our aim was to demonstrate that UV irradiation can benefit organism
performance, future work should aim to identify the proximate mechanisms that underly
both the organismal benefit (increased fecundity) and detriment (decreased longevity) of

UV irradiation.
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Table 2.1. Mean, standard deviations, and sample sizer)(of life history responses

in copepods with respect to UV irradiation treatment Under the longevity response,
virgins represent females that did not mate, failed mating represents females that mated
but did not produce clutches (egg sacs), and produced clutgnesaets females that

mated and produced clutches.

Response n Control 1-hr UV 3-hr UV
Number of nauplii 41 208+14.6 29.5+10.9 27.8+12.7
Gestation duration (days) 43 43+1.3 3.5%+05 3.7+0.9
Number of clutches 80 41 +5.3 3.2+54 56+6.6
Longevity (days)
Virgins 64 61.3+36.3 58.2+40.1 57.1+36.0
Failed mating 36 153+16.2 85+8.2 8.7+5.9
Produced clutche 43 645+341 544+284 63.9+ 275
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Table 2.2. Results of GLMs predicting variation in the number of nauplii produced

in the first clutch and the total number of clutches produced per female copepod

Mean estimates of gestation duration (appearance of an egg sac to hatching) and
longevity are presented from LMsis sample size, Est. is the point estimate, BBt

the standard error of the estimate. Mean estimatels &rd3-hr UV irradiation

tredments are estimated in comparison to controls. Longevity was modeled using two
methods: one model with reproductive status (virgin, failed mating, and produced
clutches) as a covariate and one model with the number of clutches that mating females
producedas a covariate. Virgins and females that produced clutches are in comparison to
females that mated but did not produce clutches (failed mating). Significance levels: #0.1,
*0.05, **0.01, ***0.001, 0 not retained

Response Predictor n Est./ SE
Number of nauplft
1-hour UV 11 0.24 / 0.08**
3-hour UV 15 0.20/0.07**
Gestation duration 41 -0.13/ 0.03***
Gestation duration
(daysy
1-hour UV 11 -0.16 / 0.08
3-hour UV 16 -0.13/0.08
Number of clutchds
'Count model 1-hour UV 25 0.07/0.34
3-hour UV 28 0.39/0.31
2Zeroinf model 1-hour UV 25 0.69/0.62
3-hour UV 28 0.18/0.60
Longevity (days)
1-hour UV o] o]
3-hour UV o] o]
Virgin 64 37.75/ 6.51***
Produced clutches 43 37.72 ] 7.26***
Age 143 -12.68 / 3.09***
Longevity (days)
1-hour UV 25 -0.93/0.40*
3-hour UV 27 -0.71/0.4*%
Number of clutches 79 0.34 / 0.03***
Age 79 -0.80/0.21***
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Chapter 3Ultraviolet irradiation alters the density of inner mitochondrial
membrane andproportion of inter -mitochondrial junctions in copepod

myocytes

Published with Nicholas M. Justyn, Geoffrey E. Hill, and Wendy R. Hood (2021) in
Mitochondrion56, 82-90

INTRODUCTION
Explaining variation in wholanimal performance, which we define be t
capacity to produce sufficient adenosine triphosphate (ATP) to support growth, self
maintenance, and reproduction, is a central goal of functional and physiological ecology
(e.g., Dren& Daan, 1980; Kenaggt al, 1990;Speakmaret al, 2015 Salinet al,
2019. For complex animals, 90% of ATP is produced via oxidative phosphorylation in
mitochondria, so the efficiency of the electron transport system (ETS) is a key
determinant of energy production for most animals (Hill, 2019). In additi&T &
function, the behavior (position and communication within the cell) and morphology of
mitochondria are also proposed to play key roles in the capacity of energy production
(Heine& Hood, 2020). Past research has been successful in explaining how
mitochondrial behavior and morphology impact the ability of mitochondria to produce
energy efficiently Zick et al, 2009 Mannellaet al, 2013), as well as in characterizing
variation in wholeanimal performance (e.g., Speakn&airol, 2005). However, support
for different hypotheses for how changes in mitochondrial behavior and structure impact
animal performance (including stress responses) as a whole are equivocal.
Documented changes in the behavior and morphology of mitochondria suggest
that they likelyplay formative roles in the energetic capacity of tissues. The density of
inner mitochondrial membrane (IMM), proportion of irtaitochondrial junctions
(IMJs), and mitochondrial density have all been shown to increase with increased
energetic demand. Meover, the rates of mitochondrial fission and fusion will vary in
relation to mitochondrial damage and dysfunction caused by an increase in the production
of free radicals such as superoxide or hydroxyl radicalsHsee& Hood, 2020 for a

review). The MM contains protein complexedV of the ETS that create an
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electrochemical gradient across the IMM, driving the production of ATP at complex V.
Protons are actively pumped from the mitochondrial matrix into the mmégnbrane

space by complexes |, llind IV, as complexes | and Il deliver electrons to the quinone
pool, and complex IV reduces oxygen to water. Protons flow down the electrochemical
gradient through complex V to form ATP (Hatefi, 1985). A greater density of IMM can
support more complexes thfe ETS, leading to greater ATP production under increased
energetic demandg{ronm& Daniels, 2003Nielsenet al, 2017). IMJs are electren

dense contacts between mitochondria. IMJs are more common in tissues with higher
energetic demand, such as heausaote (Picarckt al, 2015), and become more numerous
when animals participate in energetically demanding behaviors such as runningéPicard
al., 2013). Although the proximate function of these structures remains to be confirmed
through empirical research, they have bempgpsed to facilitate the coordination of gene
expression, as in bacteria (MgBassler, 2009), and/or the transfer of electrochemical
gradients (sePache®& Hajnoczky,2001; SanteDomingoet al, 2013. In turn, these
changes may increase ATP productimder increased energetic demand. Lastly, an
increase in mitochondrial density in cells may increase the energetic capacity of organs
(Hoodet al, 2019), irrespective of changes in mitochondrial morphology.

Several exogenous stressors, including ulttavi@V) radiation, are known to
influence mitochondrial performance. B®/radiation can produce reactive oxygen
species (ROS) through interactions with cellular catalase (etegk 2003). In turn,

ROS can impact cellular performance in both negatidepasitive ways, including
damaging the cell (Finké& Holbrook, 2000) or acting as signaling molecules to increase
mitochondrial performance through the upregulation of antioxidants, mitochondrial
biogenesis, or repair enzyméhénget al, 2017 Hoodet al, 2018). In addition to
producing ROS, UV radiation can damage DNA directly (Catlat, 2005). The impact

of UV radiation on performance is particularly relevant for organisms that must
energetically respond to variable levels of direct gimjiincluding invertebrates that
inhabit marine environments. Previous work has shown that UV radiation can both
impact mitochondria (Haat al, 2016) and increase reproductive performance in
copepodsHlylanderet al, 2014 Heineet al, 2019). Such emgetically demanding

changes to whotanimal performance likely stem from changes in mitochondrial
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function, which could be mediated, in part, by changes in mitochondrial behavior and
morphology.Tigriopus californicusopepods are an ideal model to sthdyv radiation
impacts mitochondrial structure and metabolic rate because this species lives in shallow
splash pools and is exposed to varying levels of UV irradiation throughout any given day
(Weaveret al, 2018). Furthering our understanding of how UNadiation impacts both
the behavior and morphology of mitochondria, and metabolic rate, allows us to better
understand how pervasive organisms such as copepods are able to function in such
variable environments. Accordingly, this study sought to addredsits between
mitochondrial behavior, morphology, and animal performance in copepods, as mediated
by UV irradiation.

We tested the hypothesis that UV irradiation influences: 1) wéai@al
metabolic rate and 2) mitochondrial behavior and morphdagpecifically the density
of IMM and proportion of IMJs in myocytes of the copefdoaalifornicus Copepods
were exposed to zero, three, or six hours ofAJB irradiation (0.5 W/r), after which
we recorded the metabolic rate of each copepod for one h@amsriission electron
microscopy (TEM) was completed on a subset of these individuals to quantify
mitochondrial behavior and morphology. We predicted that UV irradiation would
increase the density of IMM and proportion of IMJs since these traits haverieshtb
increased energetic demand. We also quantified mitochondrial area and density to assess
any changes in mitochondrial fission or fusion, as well as mitochondrial aspect ratio (see

LeducGaudetet al, 2015 which may impact mitochondrial performance.

MATERIALS AND METHODS
Copepod husbandry

This study was conducted from March to November 2019Tigliopus
californicuscopepods were acquired from Reef Nutrition, Campbell, CA in December
2018. Panmictic cultures of copepods were housed in 739 mL containers and were kept
on a natural, ambient light cycle from laboratory windows a22TC. All cultures were

fed ad libitumlsochrysis galbanalgae in artificial sea water of salinity S = 32.

Data collection
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Male T. californicuscopepods clasp virgin females until the female becomes
sexually mature after completing her final copepodid molt; the male then inseminates the
female and releases her (Burton, 1985). Mating pairs were collected from our cultures
and placed into 60 x 15 mm petri dishes Hidléd with artificial sea water of salinity S =
32 and ad libitum. galbanaalgae. Males were removed from petri dishes dacepl
back into cultures once the male inseminated and released the female. Females were
placed back into cultures once her first clutch hatched. Offspring of the first abutch (

15 controls from two mothers, 18 individuals from three mothers in-tirdJ¥/

treatment, and 19 individuals from one mother in tie BV treatment) were raised to

22 + 3 days before irradiation treatments. These numbers of mothers and offspring were
chosen to agenatch the offspring as closely as possible to avoid any posgiblelated
effects in our study.

For irradiation treatments, each copepod was placed into a well eivalldlate
half-filled with artificial sea water of salinity S = 32. The plate was place inside a black
bin with either a fullspectrum light (Exd erra Full Spectrum Natural Daylight Bulb;
produces no UMB; placed so that no UM was measured) or a UX/B light (Exo Terra
10.0 UVB Repti Glo Desert Terrarium Lamp; wavelengtB80 nm) above the bin. Both
the lamps and bin were covered withlack drape to remove any effects of ambient
lighting. For each set of animals, the UV lamp was secured approximately 0.5 m above
the bottom of the bin. A Sper Scientific UA/B light meter was placed in the bin, and
then the distance between the light #mel meter was adjusted until the meter measured
0.5 W/nt. The light meter was then replaced with the plate of copepods. All copepods
were assigned to one of three treatmentshadontrol treatment, or a 8r 6-hr UV
irradiation treatment. The-lir cortrol and 3hr UV irradiation treatments were chosen
based on previous work that showed an increase in size of the first clutch following the
same 1hr control and ahr UV irradiation treatments (Heiret al, 2019; see also Haat
al., 2016). The ér UV irradiation treatment was chosen to represent a higher dose of
radiation than the-8r treatment which, we have previously shown, increases
reproductive performance in copepods (Heshal, 2019); the impacts of thel&¢

treatment on reproductive perfornte are unknown.
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Metabolic rate

Immediately following irradiation, each copepod was placed inside an 80 pL well
of a 24well fiber optics respirometer (PreSens, SDR SensorDish Reader, Loligo
Systems)n the absence of food. We recorded change in disdaxygen for each
copepod during one hour after a ~3hute acclimation period. All assays were
completed in autoclaved artificial sea water of S = 32 at 23°C room temperature.
Metabolic rate R) was calculated as:

R=|[[(DO)1 (DO)1] t//Lde

where DO is dissolved oxygen in mmolilis time in seconds (measured in 15 s
increments), and L is body length (measured in mm). Measurements (and corresponding
copepods) that did not yield a decrease in DO over time were excluded from theastudy (
= five controls, zero-Bir UV treatments, and onel UV treatment); this is likely due to
trapped air in the bottom of the well of the respirometer that was not seen by the operator,
or an insufficient seal. Copepods were placed into primary fixative inatedygli
following respiration assays. Once deceased, each copepod was photographedona 1 x 1
mm grid under a dissecting microscope in the absence of fixative, and the length (mm) of
each copepod was calculated as the distance from the center of the &ydspbranch
in the urosome. Length measurements were completed in ImageJ (Rtuatie2017).
After each copepod was photographed, the distal half of the urosome was removed to
allow for the infiltration of fixative, and the copepod was placed backgnmary

fixative in a 3.5 mL glass vial and stored overnight at 4°C.

Transmission electron microscopy

Primary fixative was prepared at a final concentration of 12.5 mL of 0.2 M
phosphate buffer, 6.25 mL of 10% glutaraldehyde, 5 mL of 10% formaldeaydd,.25
mL dHO. Tissue was washed for 30 minutes with 0.1 M phosphate buffer three times
then placed into a secondary fixative of 2% osmium tetroxide in the dark at room
temperature for one and a half hours. Tissue was then dehydrated throughstepeven
series from 30, 50, 70, 80, to 90% EtOH at 30 min each, followed by twurilge
washes in 95% EtOH, and two eheur washes in 100% EtOH. Samples were then

placed into a transitional solvent of propylene oxide (PO) for twmBite washes.
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Tissue waghen infiltrated with a PO/Epon resin mixture at a 2:1 ratio for three days, a
1:1 ratio for three days, a 1:2 ratio for three days, and lastly, pure resin for an additional
three days. Expanding our infiltration to 12 days was the only means by which we
obtained intact, welpreserved tissue (see Hopkins, 1978). Each copepod was embedded
longitudinally in pure Epon resin and cured at 70°C for 24 hours.-thitna80nm
longitudinal sections (cutting approximately efio@rth into the copepod to sample
musde tissue along the lateral surface of the prosome) of samples were ultramicrotomed
and placed onto 200 mesh copper grids. Sections were then stained with uranyl acetate
and lead citrate to increase contrast.

We then performed TEM using a ZEISS EM10 transmission electron microscope.
We imaged, at random, three myocytes from the prosome of each copepod. For each
myocyte, we collected one image at x8,000 to quantify mitochondrial density and the
proportion of IM3, and three images at a magnification of x25,000 to quantify
mitochondrial aspect ratio, area, and the density of IMM. Measurements at x25,000 were
completed only on mitochondria from which we could distinguish both inner and outer
membrane. All images dmeasurements were completed only for mitochondria within
the subsarcolemmal space of each myocyte (i.e., between the cell membrane and

myofibrils).

Mitochondrial behavior and morphology measurements

All mitochondrial behavior and morphology measuretaevere completed using
ImageJ. Measures of mitochondrial aspect ratio, area, and density of IMM were
completed from all mitochondria that could be traced within the subsarcolemmal space of
each image and averaged for each cell. This allowed us to ceirelatidual measures
of mitochondrial behavior and morphology with measures of mitochondrial density and
proportion of IMJs from each cell as a whole. We measured a total of 198 mitochondria
(90 control, 40 shr, and 68 énr) from 45 myocytes (three mydeg from each copepod)
of 15 copepods (the first five from each treatment group). This sample size of five
copepods per group is comparable to other TEM studiesRecgrdet al, 2013;

LeducGaudetet al, 2015. On average, we measured a total of 13 £ 5 mitochondria
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from each copepod. Only one copepod contained less than eight measured mitochondria
(seeNielsenet al, 2017).

Mitochondrial density was quantified as the total number of mitochondria in the
area(um?) of subsarcolemmal space. The proportion of IMJs was calculated as the total
number of electromlense (darker) contact sites divided by the total number of contacts
between mitochondria (Picaed al, 2015; seédeine& Hood, 2020 for further
explangion of how IMJs are identified). Mitochondrial area was measured as the size
(um?) of each mitochondrion by tracing the outer mitochondrial membrane.

Mi tochondrial aspect ratio was <calcul ated
mi ni mum F er @aréhset all 2047) alsoeneasured by tracing the outer

me mbr ane. Maxi mum Feretds diameter represe
points of the mitochondrion, and mini mum F
distance between two parallahigents of the mitochondrion. Density of IMM was

guantified using a method adapted from Nielsen et al. (2017). Rows of parallel lines

spaced 20@0m apart were overlaid perpendicular to the cristae of each mitochondrion.

The total number of intersects betmethe lines and each crista was divided by the

squared area (pfnof the mitochondrion. We also recorded the direction of each tissue

section determined by the direction of the myofibrils (i.e., longitudinal or transverse).

Before use in the study, timeethod used to measure density of IMM was
validated as follows. For all measured mitochondria from the first copepod of our control
group, we quantified the density of IMM using two methods: first, we traced the cristae
and divided the total length by theea of the mitochondrion (this gives us a more
precise, although timeonsuming, estimate of IMM density); second, we used the
aforementioned method that estimates the density of IMM using a system of parallel
lines. This method was much faster to esterthe density of IMM. Using a general
linear regression, we were able to show that a statistically significant, positive linear
relationship exists between the two meth(@figure Al).

The use of TEM to quantify changes in the thd@aensional behavior and
morphology of mitochondria has limitations. In particular, the orientation of each muscle
cell and mitochondrion when cut in a tanensional fashion will to an exterd

impact the vales generated in this study. To control for these effects, we oriented and
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microtomed each copepod in the same manner, included the direction of the myofibrils in
each micrograph as a covariate in all behavioral and morphological models, included
three cdlreplicates in our analysis of each copepod, and analyzed all measurable
mitochondria from each cell.

Analytical design

All statistical analyses were completed using R version 3.5.0 (R Core Team,
2018). We wused the Al medo and efal, 20é4 Test o |
Kuznetsoveetal,201) and t he fAggpl ot20 package (Wi ck
development.

The metabolic rate of each copepod was modeled using a general linear model
(LM) with treatment (control, ir, and éhr UV irradiation) as a categorical predictor.
Including age as a random effect is synonymous with including motherdDaamliom
effect, given that each mother produced a clutch of a unique age. The inclusion of age as
a random effect in the respiration model did not impact our estimates in any way,
therefore, we chose to exclude age as a random effect in our modeldisiope@ods
were aged within six days of one another. The effects of UV irradiation on all behavioral
and morphological traits were modeled using general linear mixed models (LMMs) with
copepod ID retained as a random effect (random intercept) in eacly thaxlallowed us
to control for the nofindependence of mean estimates among individual copepods since
we sampled three myocytes from each individual. The density of IMM and proportion of
IMJs were modeled with an interaction between treatment and mitddhl density, an
interaction between treatment and aspect ratio, and section of the tissue as fixed effects.
This allowed us to see how mitochondrial density and aspect ratio affect the response
variables while also being affected by the UV irradiati@atments themselves. Section
was coded as a fixed effect, and not a random effect, since it was comprised of less than
five groups (see Harrisaat al, 2018). Mitochondrial density was also modeled as a
response variable since it was not retained incditlge former models after stepwise
reduction (see below).

Mitochondrial area and mitochondrial density were modeled with treatment and

section as fixed effects. Both response variables wererogihéransformed to achieve a
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normal distribution of modeesiduals. The cubmot transformation brought the model

residuals closer to normality than the squa@ transformation for mitochondrial

density, and the model residuals were not normally distributed when mitochondrial area

was squargoot transforned. Fullysaturated LMMs of mitochondrial behavior and

mor phol ogy were reduced using the Astepo f
random effect in all LMMs. Model comparisons were completed usimgalysis, and

final models were validated by tesgy model residuals for normality using the Shapiro

Wilk test.

RESULTS

Descriptive statistics of each variable are present@dlie 3.1.

Metabolic rate

As an indication of wholanimal performance, we measured the metabolic rate of
eachcopepod following irradiation. As expected, metabolic rate increased with body size
in each treatment groupigure A2). All copepods survived all irradiation treatments.
The metabolic rate of copepods following thBrdJV irradiation treatment was
maintaned with respect to the control treatment (Est. = 0SB 0.02;p = 0.58).
However, the metabolic rate of copepods exposed to-kimd )y irradiation treatment
decreased significantly in reference to both the control (E6L05;SE= 0.02;p = 0.03)
and 3hr (Est. =-0.06;SE= 0.02;p = 0.006) treatment groupBigure 3.1).

Mitochondrial behavior and morphology

To quantify mitochondrial behavior and morphology, we measured several
structural components of individual mitochondmaitochondrial aspect ratio,
mitochondrial area, and density of IMM), as well as behavioral aspects of mitochondria
within the subsarcolemmal space of the myocyte as a whole (mitochondrial density and
proportion of IMJs). We found that the density of IMMiIeased markedly in both the 3
and 6hr UV irradiation treatments in comparison to the control gréigufe 3.2; Table
3.2), however, the density of IMM from thel& treatment did not differ significantly
from the 3hr treatment (Est. = 12.08E=7.21; p= 0.12).
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Figure 3.1. Effects of UV irradiation on whole-animal metabolic rate Boxplots

showing the effects of UV irradiation on siadjusted metabolic rates of individual
copepods. Large, red dots represent mean estimates. Significance codes: *0.05, **0.01,
Nns- not significant.

The majority of cristae in mitochondria from tb&/ -treated groups were
exceedingly narrow, and few mitochondria had cristae with intermembrane space that
was visible (e.gFigure A3). The proportion of IMJs increased significantly with
increasing aspect ratio in both UV irradiation treatmehriguie 3.3; Table 3.2), but the
proportion of IMJs with increasing aspect ratio did not differ significantly between the 3
and 6hr treatment groups (Est.-6.15;SE= 0.16;p = 0.34). Mitochondrial density
increased significantly following both three and six hours of Uadiation Figure
34A,; Table 3.2), however, there was no difference in mitochondrial density of-tire 6
UV irradiation treatment with respect to thdaBtreatment (Est. £0.06;SE= 0.08;p =
0.46). Lastly, mitochondrial size (area) decreased signtficander the énr UV

irradiation treatment but not theh treatment in reference to the contiéigure 3.4B;
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